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Abstract
We compute the MSSM one-loop contributions to the asymptotic energy
behaviour of fermion-antifermion pair production at future lepton-antilepton
colliders. Besides the conventional logarithms of Renormalization Group ori-
gin, extra SUSY linear logarithmic terms appear of ”Sudakov-type”. In the
TeV range their overall effect on a variety of observables can be quite relevant
and drastically different from that obtained in the SM case.
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I. INTRODUCTION.
In recent papers [1], [2], the effects of one-loop diagrams on fermion-antifermion pair
production at future lepton-antilepton colliders were computed in the SM for both massless
[1] and massive (in practice, bottom production) [2] fermions. As a result of that calculation
it was found that, in the high energy region, contributions arise that are both of linear and of
quadratic logarithmic kind in the c.m. energy, but are not of Renormalization Group (RG)
origin. For this reason they were called [3] ”of Sudakov-type”, [4], although the theoretical
mechanism that generates them is not, rigorously speaking, of infrared origin, as exaustively
discussed in following articles [5]. In this paper, we shall retain the original ”Sudakov-type”
notation, but one might call these terms e.g. ”not of RG origin” to avoid theoretical confu-
sion.
As a by product of our computations, it was also stressed in [2] that, in the special case
of bottom-antibottom production, extra terms appear that are ”of Sudakov-type” and also
quadratic in the top mass, a situation that reminds that met at the Z-peak in the calculation
of the partial Z width into bb¯. Neglecting these terms would produce a serious theoretical
mistake in the case of certain observables, particularly the bb¯ cross section, and in principle
(for very high lumonisity) also in the bb¯ longitudinal polarization asymmetry.
When the c.m. energy crosses the typical TeV limit, the relative effects of the ”Sudakov-
type” logarithms begin to rise well beyond the (tolerable) few percent threshold, making the
validity of a one-loop approximation not always obvious, depending on the chosen observ-
able. In particular, hadronic production seems to be in a critical shape, as discussed in [5].
These conclusions are quite different from those that would be obtained if only the RG linear
asymptotic logarithms were retained. In that case, the smooth relative effect would remain
systematically under control at TeV energies, not generating special theoretical diseases. On
the contrary, in the ”Sudakov” case a subtle mechanism of opposite linear and quadratic
logarithms contributions often appears that makes the overall effect less controlable. Thus,
neglecting the non RG asymptotic effects in the considered processes would certainly be a
theoretical disaster.
The aim of this paper is that of investigating whether similar conclusions can be drawn
when one works in the framework of a supersymmetric extension of the SM. In particular,
although the same analysis could be performed in a more general case, we shall fix our atten-
tion here on the simplest minimal SUSY model (MSSM) [6]. We shall be motivated in this
search by (at least) two qualitative reasons. These are a consequence of the results obtained
in Ref. [1], showing that in some cases the relative size of the effects becomes larger than the
expected experimental accuracy. If SUSY extra diagrams increased this value, their rigorous
inclusion at one-loop would be essential e.g. for a test of the theory if SUSY partners were
discovered. But even if direct production were still lacking for some special ”heavy” SUSY
particles (e.g. neutralinos), a large virtual effect in some observable might be, in principle,
detectable. In this spirit, we shall proceed in this paper as follows. We shall assume that
SUSY has been at least partially detected, and that for all the masses of the model a ”nat-
ural” mechanism [7] exists that confines their values below the TeV limit (in practice, they
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might roughly be of the same size as the top mass). In this spirit, the c.m. energy region
beyond one TeV can be considered as ”nearly” asymptotic. This means that we shall have
in our minds, more than the future 500 GeV Linear Collider (LC) [8] case, that of the next
CERN Compact Linear Collider (CLIC) [9], supposed to be working at energies between 3
and 5 TeV. With due care, though, we feel that a number of our conclusions might well be
extrapolated to the LC situation, as illustrated in the original Ref. [1].
In Section II of this paper we shall review the various MSSM diagrams that give rise
to ”Sudakov” logarithms and discuss the analogies and the differences with respect to the
SM. We shall discuss separately the various contributions both in the massless case and
in that of bb¯ production (the case of top production, that requires a modification of the
adopted theoretical scheme, will be treated separately in a forthcoming paper). For final
bottom, we shall show that the overall logarithmic genuine SUSY contributions that are
also quadratic in the top mass enhance the corresponding SM ones. Moreover, there appear
terms that are quadratic in the bottom mass and are multiplied by tan2 β, which could
also be sizeable for very large values of tan2 β. The obtained expressions of the various
observables will be shown in Section III, and the features of the MSSM relative effects
will be displayed in several Figures. It will appear that the MSSM logarithmic effects are
drastically different from those of the SM, and again quite different from those obtained in
the pure RG approximation. The expectable validity of a logarithmic parametrization will
be discussed in the final Section IV, with special emphasis on the CLIC energy region but
also on the LC case. The possibility of a relatively simple parametrization to be used in
the TeV energy range will be also qualitatively motivated. Finally, a short Appendix will
contain the detailed asymptotic logarithmic contributions from various diagrams to the four
gauge-invariant functions that in our approach generate all the observable quantities of the
considered process at the electroweak one loop.
II. MSSM DIAGRAMS GENERATING ASYMPTOTIC LOGARITHMS
The theoretical analysis of this paper is based on the use of the so called ”Z-peak-
subtracted” representation, which has been illustrated in several previous references [10]
and was conveniently used to describe the process of electron-positron annihilation into a fi-
nal fermion (f) antifermion f¯ , that can be either a lepton-antilepton or a ”light” (u, d, s, c, b)
quark-antiquark pair. For what concerns the genuine electroweak sector of the process, all
the relevant information is provided by four gauge-invariant functions of q2 and θ (the
squared c.m. energy and scattering angle) that are called ∆˜αlf , Rlf , V
γZ
lf , V
Zγ
lf and describe
one-loop transitions of various Lorentz structure (photon-photon, Z-Z, photon-Z and Z-
photon respectively). These functions vanish by construction at q2 = 0 (∆˜α) and q
2= M2Z
(the other three quantities) respectively and are ultraviolet finite. They enter the theoretical
expression of the various cross sections and asymmetries in a way that is summarized in the
Appendix B of Ref. [1], and we will not insist on their properties here.
At one loop, the previous four gauge-invariant functions receive contributions from di-
agrams of self-energy, vertex and box type. Self-energy diagrams with a small addition of
the ”pinch” part of the WW vertex generate asymptotically logarithms of the c.m. en-
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ergy in agreement with the Renormalization Group (RG) treatment. Extra logarithms of
”pseudo-Sudakov” type (we follow the original denomination of Degrassi and Sirlin [11],
whose description of four-fermion processes has been adopted in our work) arise in the SM
from two kinds of diagrams. Vertices with one or two internalW ′s or one internal Z generate
both linear and quadratic logarithms; boxes with either W ′s or Z ′s do the same. For mass-
less fermions, there are no other types of logarithms. However, for final bottom-antibottom
production, vertex diagrams produce extra linear logarithms that are also quadratic in the
top mass, and cannot be neglected. All these results can be found in [1], [2]; for completeness
we have also written the same type of terms quadratic in the bottom mass although they
are numerically negligible.
When one moves to the MSSM, the situation becomes, at least for what concerns this
special topics, relatively simpler. In fact, one discovers immediately that box diagrams with
internal SUSY partners do not generate asymptotic logarithms. This feature, that is quite
different from the SM one, is due to the different spin structure of the fermion-fermion-scalar
couplings which arise in SUSY and replace the fermion-fermion-vector couplings arising in
SM. As a consequence, when the energy increases, the SUSY box contribution vanish as an
inverse power of q2. Thus only self-energies and vertices must be considered. Self-energies
will generate the RG logarithmic behaviour. Summing the various bubbles involving SUSY
partners (f˜ , χ±, χ0), Higgses (A0, H0, h0), and Goldstones, we obtain the self-energy contri-
butions to the four functions ∆˜αlf , Rlf , V
γZ
lf , V
Zγ
lf given in the Appendix. Using the relations
between these contributions and the expressions giving the running of g1, g2, s
2
W established
in Ref. [1], we have checked that our result agrees with the running quoted in the literature
[12] for both the SM and the MSSM cases.
For vertices, the analysis is, to our knowledge, new and, in our opinion, interesting. First,
and again because of the absence of helicity conserving fermion-fermion-vector couplings, in
SUSY there is no helicity structure analogue to the one brought by the SM (WWf) triangle
and then no quadratic logarithmic contribution. However there appears linear logarithmic
contributions called of ”Sudakov-type” because they are not universal and do not contribute
to RG. For massless fermions, they are generated by the diagrams that involve chargino(s)
or neutralino(s) together with sfermions exchanges as shown in Fig.1; the related effects on
the four functions are given in the Appendix. They can be compared with the corresponding
SM effects computed in Ref. [1], Section 2.3.
A special discussion is due to the case of final bb¯ production. Here to the previous SUSY
diagrams one must add the contributions from the MSSM Higgses, exactly like in the SM
case. So we shall have both contributions of chargino/neutralino-sfermion origin, see Fig.1
(denoted by a symbol χ), and of Higgs origin, see Fig.2 (denoted by a symbol H). Note
that, being interested in the additional contribution brought by SUSY, to be later on added
to the SM contribution in order to get the full MSSM one, in the Higgs part (H), we write
the total MSSM Higgs contribution minus the SM Higgs contribution.
For the purposes of the following discussion it is convenient to write the effects of the
previous diagrams, rather than on the gauge-invariant subtracted functions, on the photon
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and Z vertices Γγµ, Γ
Z
µ , defined in a conventional way [1], [11]. One easily finds first the χ
contribution and secondly the (H) contribution:
Γγµ(χ)→ −(
eα
48piM2W s
2
W
)lnq2[m2t (1 +
1
tan2β
)(γµPL)
+m2b(1 + tan
2β){(γµPL) + 2(γµPR)}] (2.1)
ΓZµ (χ)→ −(
eα
48piM2Ws
3
W cW
)lnq2[(
3
2
− s2W )m2t (1 + cot2β)(γµPL)
+m2b(1 + tan
2β){(3
2
− s2W )(γµPL)− 2s2W (γµPR)}] (2.2)
Γγµ(H)→ −(
eα
48piM2W s
2
W
)lnq2[m2t cot
2β(γµPL) +m
2
btan
2β{(γµPL) + 2(γµPR)}] (2.3)
ΓZµ (H)→ −(
eα
48piM2W s
3
W cW
)lnq2[(
3
2
− s2W )m2t cot2β(γµPL)
+m2btan
2β){(3
2
− s2W )(γµPL)− 2s2W (γµPR)}] (2.4)
where PL,R = (1∓ γ5)/2.
In the previous equations, we have retained not only the terms proportional to m2t and to
m2btg
2β, as usually done (the latter ones become competitive for large tgβ values), but also
those simply proportional to m2b , that are usually discarded. Note that we did not retain
SUSY masses inside the logarithm, being for the moment only interested in the asymptotic
energy limit. In principle, we could use a common reference mass M and discard constant
terms in the formulae. In fact, these possible constants will be thoroughly discussed in the
final part of this paper. Thus, all the (bottom, top) mass terms contributing the asymptotic
logarithms has been retained and, as one sees, they are not vanishing and in principle
numerically relevant, as one could easily verify by computing their separate effects on the
various observables. This is, in principle, no surprise since the corresponding terms in the
SM were also, as we said, not negligible. To be more precise, we write the ”massive” SM
vertices, that were computed in Ref. [2], simply adding the terms proportional to m2b that
were neglected in that paper, obtaining the expressions:
Γγµ(SM, massive)→ −(
eα
48piM2W s
2
W
)lnq2[m2t (γ
µPL) +m
2
b(γ
µPR)]
−( eαm
2
b
48piM2W s
2
W
)lnq2[(γµPL) + (γ
µPR)] (2.5)
ΓZµ (SM, massive)→ −(
eα
48piM2Ws
3
W cW
)lnq2[(
3
2
− s2W )m2t (γµPL)− s2Wm2b(γµPR)]
−( eαm
2
b
48piM2Ws
3
W cW
)lnq2[(
3
2
− s2W )(γµPL)− s2W (γµPR)] (2.6)
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and adding Eqs.(2.1)-(2.4) we obtain the total massive terms in the MSSM:
Γγµ(MSSM, massive)→ −(
eα
24piM2W s
2
W
)ln(
q2
m2t
)[m2t (1 + cot
2β)(γµPL)
+m2b(1 + tan
2β){(γµPL) + 2(γµPR)}] (2.7)
ΓZµ (MSSM, massive)→ −(
eα
24piM2W s
3
W cW
)ln(
q2
m2t
)[m2t (
3
2
− s2W )(1 + cot2β)(γµPL)
+m2b(1 + tan
2β){(3
2
− s2W )(γµPL)− 2s2W (γµPR)}] (2.8)
Notices that there exists a very simple practical rule to move from the SM to the MSSM
for what concerns the asymptotic mass effects. One just multiplies the m2t term of the SM
by 2(1 + cot2β) and the m2b one by 2(1 + tan
2β) 1. This will have practical consequences
that will be fully illustrated in the following Section III.
III. ASYMPTOTIC EXPRESSIONS OF THE OBSERVABLES.
After this preliminary discussion, we are now ready to compute the dominant asymp-
totic logarithmic terms in the various observables. For the massless SUSY partner sector
of the MSSM, they will only be produced by self-energies (the RG component) and by the
vertices with χ±, χ0 shown in Fig.1, computed for massless fermions (the ”Sudakov-type”
terms). For the massive sector they will be produced both by (χ) mass effects of Fig.1
and by (H) mass effects of Fig.2 as discussed in the preceding Section. Using the standard
couplings conventions [14] leads to expressions for the photon and Z vertices that can be
easily ”projected” on the four gauge-invariant functions. From the equations given in the
Appendix B of Ref. [1] one can then derive the effect on various observables. To save space
and time, we omit these intermediate steps and give directly the latter expressions in the
following equations. We have considered here both the case of unpolarized production of the
five ”light” quarks and leptons and that of polarized initial electron beams. The latter case
would lead to the observation of a number of longitudinal polarization asymmetries, whose
properties have been exhaustively discussed elsewhere [15]. We have considered for final
quarks the overall hadronic production (symbol 5) and that of the separate bottom (symbol
b), that exhibits interesting features that will be discussed. The overall results shown in the
following equations also include the SM effects previously computed [1], [2].
The various terms are grouped in the following order: first the RG(SM) with the mass
scale µ, followed by the linear and quadratic Sudakov (SM, W) terms, the linear and
quadratic Sudakov (SM, Z) terms and finally, in the case of hadronic observables, the linear
Sudakov term arising from the quadratic m2t contribution; then, in bold face, the SUSY
1We have checked that the signs of our vertices agree with those of ref. [13] satisfying their
positivity prescription for the imaginary part of the external fermion self-energies.
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contributions, first the RG (SUSY) term with the mass scale µ, then the linear Sudakov
(SUSY) term (scaled by the common mass M), the linear massless Sudakov (SUSY) term
arising from the quadratic m2t contribution (scaled by a common mass M
′) and in curly
brackets the same term to which the m2b tan
2 β contribution is added for tan β = 40. This
was done in order to show precisely the difference between the total SM prediction and the
total SUSY part.
σµ = σ
B
µ [1 +
α
4pi
{(7.72N − 20.58) ln q
2
µ2
+ (35.27 ln
q2
M2W
− 4.59 ln2 q
2
M2W
)
+(4.79 ln
q2
M2Z
− 1.43 ln2 q
2
M2Z
)
+(3.86N+ 7.75) ln
q2
µ2
− 10.02 ln q
2
M2
}] (3.1)
AFB,µ = A
B
FB,µ +
α
4pi
{(0.54N − 5.90) ln q
2
µ2
+ (10.19 ln
q2
M2W
− 0.08 ln2 q
2
M2W
)
+(1.25 ln
q2
M2Z
− 0.004 ln2 q
2
M2Z
)
+(0.27N+ 1.57) ln
q2
µ2
− 0.079 ln q
2
M2
} (3.2)
ALR,µ = A
B
LR,µ +
α
4pi
{(1.82N − 19.79) ln q
2
µ2
+ (30.76 ln
q2
M2W
− 3.52 ln2 q
2
M2W
)
+(0.78 ln
q2
M2Z
− 0.17 ln2 q
2
M2Z
)
+(0.91N+ 5.25) ln
q2
µ2
− 3.69 ln q
2
M2
}. (3.3)
σ5 = σ
B
5 [1 +
α
4pi
{(9.88N − 42.66) ln q
2
µ2
+ (46.58 ln
q2
M2W
− 6.30 ln2 q
2
M2W
)
+(7.25 ln
q2
M2Z
− 2.03 ln2 q
2
M2Z
)− 1.21 ln q
2
m2t
+(4.94N+ 13.66) ln
q2
µ2
− 10.99 ln q
2
M2
− 3.65{−5.21} ln q
2
M′2
} (3.4)
ALR,5 = A
0
LR,5 +
α
4pi
{(2.11N − 22.95) ln q
2
µ2
+(24.07 ln
q2
M2W
− 3.12 ln2 q
2
M2W
)
+(1.63 ln
q2
M2Z
− 0.55 ln2 q
2
M2Z
)− 0.53 ln q
2
m2t
+(1.05N+ 6.09) ln
q2
µ2
− 3.63 ln q
2
M2
− 1.60{+0.44} ln q
2
M′2
} , (3.5)
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σb = σ
B
b {1 +
α
4pi
{(10.88N − 53.82) ln q
2
µ2
+ (76.75 ln
q2
M2W
− 7.10 ln2 q
2
M2W
)
+(11.98 ln
q2
M2Z
− 2.45 ln2 q
2
M2Z
)− 8.42 ln q
2
m2t
+(5.44N+ 16.61) ln
q2
µ2
− 11.82 ln q
2
M2
− 25.3{−36.0} ln q
2
M′2
} , (3.6)
AFB,b = A
B
FB,b +
α
4pi
{(0.56N − 6.13) ln q
2
µ2
+(17.23 ln
q2
M2W
− 0.31 ln2 q
2
M2W
)
+(0.96 ln
q2
M2Z
− 0.08 ln2 q
2
M2Z
)− 0.36 ln q
2
m2t
+(0.28N+ 1.63) ln
q2
µ2
− 0.38 ln q
2
M2
− 1.10{+0.26} ln q
2
M′2
} . (3.7)
ALR,b = A
B
LR,b +
α
4pi
{(1.88N − 20.46) ln q
2
µ2
+(27.91 ln
q2
M2W
− 2.35 ln2 q
2
M2W
)
+(1.92 ln
q2
M2Z
− 0.52 ln2 q
2
M2Z
)− 2.39 ln q
2
m2t
+(0.94N+ 5.43) ln
q2
µ2
− 2.86 ln q
2
M2
− 7.16{+2.57} ln q
2
M′2
}, (3.8)
Ab = A
0
b +
α
4pi
{(1.41N − 15.38) ln q
2
µ2
+(31.03 ln
q2
M2W
− 1.76 ln2 q
2
M2W
)
+(4.30 ln
q2
M2Z
− 0.49 ln2 q
2
M2Z
)− 2.38 ln q
2
m2t
+(0.71N+ 4.08) ln
q2
µ2
− 2.25 ln q
2
M2
− 7.14{+3.18} ln q
2
M′2
}, (3.9)
In the previous equations σ denotes cross sections, AFB forward backward asymmetries,
ALR longitudinal polarization asymmetries, Ab the forward-backward polarization asymme-
try [16]. The various ”subtracted” Born terms are defined in Refs. [1], [2].
Eqs.(3.1)-(3.9) are the main result of this paper. To better appreciate their message,
we have plotted in the following Figs.(3-11) the asymptotic terms, with the following con-
vention: for cross sections, we show the relative effect; for asymmetries, the absolute effect.
To fix a scale, we also write in the Figure captions the value of the (asymptotic) ”Born ”
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terms. The plots have been drawn in an energy region between one and ten TeV. Higher
values seem to us not realistic at the moment. For lower values we feel that the asymptotic
approximation might be ”premature” for SUSY masses of a few hundred GeV that we as-
sumed, and we shall return to this point in the final discussion.
As one sees from Figs.(3-11), a number of clean conclusions can be drawn in the consid-
ered energy range. In particular:
1) The shift between the SM and the MSSM effects is systematically large and visible
in all the considered observables at the reasonably expected luminosity values (a few hun-
dreds of fb−1 per year at LC or CLIC leading to an accuracy close to the percent level).
In all the cross sections, this shift is dramatic, sometimes changing the sign of the effect
and increasing or decreasing its absolute value by factors two-three. Similar conclusions are
valid for the set of polarized asymmetries; for unpolarized asymmetries, the effect is less
spectacular, but still visible. This decrease of spectacularity has a simple technical reason:
for unpolarized asymmetries, the SM squared logarithms are practically vanishing so that
only linear logarithms survive. The delicate cancellation mechanism between linear and
quadratic logarithms, that was deeply upset in the case of the other variables by the extra
linear SUSY logarithms, is therefore absent in the unpolarized asymmetries case.
2) The pure RG logarithmic approximation, shown in Figs.(3-11), is in general rather
different from the overall (RG + ”Sudakov”) one in a way that can be energy dependent.
For all the considered observables with the exception of ALR,µ and ALR,b this difference re-
mains large and measurable at the expected luminosity in the ”CLIC special” energy region
(3-5 TeV). Therefore, approximating the asymptotic logarithmic terms with the pure RG
components for the considered processes would be a catastrophic theoretical error in the
MSSM case, exactly like it would have been in the SM situation.
3) Looking at the size of the effect, one notices that this must be separately discussed for
each specific observable at different energies. If one sticks to the CLIC energy region, one
notices that for σµ the MSSM effect is now comparable (but of opposite sign) to the SM case,
reaching values of a few percent. For σ5 the effect is now reduced from beyond the SM ten
percent to a value oscillating around the few percent level. For bottom production, the effect
is strongly dependent on tan β and reaches values of more than ten percent for tanβ = 40.
For the asymmetries, as one can see from Figs.(5,9) the effect is sometimes increased and
sometimes reduced and is always remaining of the few percent size. It seems therefore
that in some cases SUSY makes the SM one-loop effect less ”dangerous”, in other cases it
reverses the situation. For σ5 the reduction of the effect in the CLIC region would guarantee
a reasonable validity of the perturbative expansion; for bottom production, the conclusion
depends on the value of tan2 β. Note, though, that for higher energies these conclusions
might change, as shown by the shape of the various curves. As a general comment, our
feeling is that in the TeV regime, for the MSSM, the validity of a one-loop perturbative
expansion is apparently safer than in the SM case, with the remarkable exception of σb in
the large tan β case.
One final point remains to be discussed. Up to now we have only considered the dom-
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inant asymptotic SUSY terms in the 1 TeV-10 TeV range. For the SM case, it was seen
[1] that these were able to reproduce with good accuracy (at the few percent level) the
complete effect, and that in order to give a more complete parametrization it was sufficient
to add to the logarithmic terms a constant one, depending on the observable and which can
be determined e.g. by a standard best fit procedure. This was possible because in the SM
there were no other free parameters left. In the MSSM case, the situation is at the moment
more complicated, since all the parameters of the model are nowadays unknown (this might
be no more a problem in a few years...). To try to get at least a feeling of what could
happen, we have devoted the last Section IV to the discussion of the simplest example that
we can provide, that of the SUSY Higgses effect. Our aim is only that of trying to derive, in
this case, an extra constant asymptotic contribution. This will be shortly discussed in what
follows.
IV. A SIMPLE ASYMPTOTIC FIT FOR A SUSY EFFECT
The logarithmic terms that we have computed are supposed to be the dominant SUSY
ones at asymptotic energies. For realistic smaller energy regions, there might be other
SUSY contributions that cannot be neglected. The simplest example is that of constant
terms, whose presence would lead to an expansion for a general cross section or asymmetry
of the kind :
σBorn+(1 loop SUSY ) − σBorn
σBorn
=
α
4pi
(c1,σ log
q2
M2
+ c0,σ + · · ·), (4.1)
ABorn+(1 loop SUSY ) − ABorn = α
4pi
(c1,A log
q2
M2
+ c0,A + · · ·). (4.2)
where ”Born” now includes the SM value. Here, c0, c1 are in principle functions of all the
free parameters (mixing angles and masses) of the virtual contributions under consideration.
The choice of the mass scale M affects the definition of c0 and will be discussed below. The
label “(1 loop SUSY )” stands for a definite subset of one loop diagrams (e.g. SUSY Higgses
exchange, SUSY gauginos exchange).
In the SM case, an analogous simple possibility was considered [1], [2] and it was shown
that the resulting expression was fitting the accurate results to quite a good (few permille)
accuracy also in an energy range between 500 GeV and one TeV, where in principle it might
have been a ”poor” approximation. This was interpreted as a consequence of a ”precocious”
asymptotism in the SM case, where all the relevant masses are well below the TeV value.
In the MSSM, the situation might be worse if the SUSY masses are relatively heavy. Still,
the possibility of a simple parametrization, e.g. valid in the CLIC region, appears quali-
tatively motivated. The practical investigation of this idea would require, in principle, a
lengthy calculation given the number of parameters of the models (masses, mixings...). The
latter ones typically disappear in the asymptotic terms as obvious, but would reappear in
subleading terms like the constant c0, as one can easily check by calculation e.g. of the
massless vertices.
In this short final Section, we have analyzed the simplest case of the SUSY Higgses contri-
bution, whose asymptotic expression we have derived. What we want to do is to isolate this
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effect and try to estimate its subleading constant term.
With this purpose, we have considered all those hadronic observables to which the SUSY
Higgses diagrams do contribute; the exact (not asymptotic) expression of the observables at
the one loop level is of the kind:
σBorn+SUSY Higgs − σBorn
σBorn
=
α
4pi
Fσ(q
2, tanβ,MA) (4.3)
ABorn+SUSYHiggs − ABorn = α
4pi
FA(q
2, tanβ,MA) (4.4)
where β is the mixing angle related to the two Higgs vacuum expectation values, MA is the
mass of the CP odd SUSY Higgs boson A0 and the masses of the other SUSY Higgs particles
have been determined by means of the code FEYNHIGGS [17].
Away from resonances, the function FO (O = σ or A) is expected to be
FO ≃ c1,O(tan β,MA) log q
2
M2A
+ c0,O(tanβ,MA) (4.5)
We carefully analyzed the behaviour of the hadronic observables σb, σ5, AFB,b, ALR,b, ALR,5
and Ab. As a representative example, we consider here in some details the case of σ5.
In Fig.(12), we plot the coefficients c0 and c1 as functions ofMA at tanβ = 2.0. We obtained
them by fitting with a standard χ2 procedure the full computation of the diagrams in the
energy range between 2 and 10 TeV. As one can see, the maximum absolute error in the fit
ε defined as
ε(tanβ,MA) = max
q2
∣∣∣∣∣FO(q2, tanβ,MA)− c1,O(tan β,MA) log q
2
M2A
− c0,O(tan β,MA)
∣∣∣∣∣ (4.6)
is completely negligible. This holds true as far as the fitting range does not include reso-
nances. We checked that the region
√
s > 2 TeV and MA < 500 GeV is safe and perfectly
reproduced for all the considered observables.
We have also tried to determine the possible dependence of c0, c1 on the free parameter tan β
at fixedMA. From a numerical thorough analysis and motivated by the dependence on tan β
of the diagrams with charged SUSY Higgses exchange, we checked that for tanβ > 1 the
following functional form:
ci,O(tan β,MA) = c
+
i,O(MA) tan
2 β + c−i,O(MA) cot
2 β (4.7)
reproduces perfectly the exact calculation with mildly MA dependent coefficients c
±
i,O. The
plot of c±i in the case of σ5 are shown in Fig.(13) where we remark that the coefficients
of the logarithm c±1 are, as expected, roughly independent on MA. The remarkable (in our
opinion) fact is that the analytic parametrization reproduces the exact numerical calculation
practically identically, as seen in Fig.(13).
It should be added that a similar parametrization in the energy region from 500 GeV to
1 TeV would be much less satisfactory, and much more MA-dependent. Just to give an
example, we show in Fig. (14) what happens in the case of σ5 at tanβ = 2.0. Due to a
resonance at about
√
q2 = 2mt in the vertex with two top quark lines and a single charged
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Higgs, the simple logarithmic representation of the effect is not accurate and, in particular,
the fitted coefficient c1 is far from its asymptotic value.
The lesson that we learn from this example is, therefore, that a priori one can expect
to be able to reproduce with simple analytical expressions dominated by logarithms the
MSSM prediction for all the relevant observables of the process of e+e− annihilation into
fermion-antifermion in the TeV regime. This would be rather useful in the (apparently
probable) case of need of a perturbative expansion beyond the one-loop order, but could
also be used for the purposes of technical operations to be performed at one loop (QED
ISR, for instance), where the availability of such a simple expression might be essential. In
a forthcoming paper, we shall develope a more complete study of this problem that also
includes the other SUSY contributions of ”not SUSY-Higgses” type.
V. CONCLUSIONS
In this paper we have extended to the SUSY case the study of the high energy behaviour
of four-fermion processes e+e− → f f¯ , f being a lepton or a light quark (u, d, s, c, b), that we
had previously performed in the SM case. We have considered the asymptotic behaviour of
the four-fermion amplitudes at one loop and we have observed that specific features differ-
entiate the SUSY part from the SM part.
In both cases we first obtained the single logarithmic terms due to photon and Z self-
energy contributions leading to the well-known Renomalization Group effects. However, in
addition, we have found large logarithmic terms due to non-universal diagrams, dubbed of
”Sudakov-type”. In SM there appear linear logarithmic and quadratic logarithmic terms.
In the SUSY part there are only linear logarithmic terms. No quadratic logarithmic terms
are generated because of the specific spin structure of the couplings to the SUSY partners
appearing inside the diagrams. In the Appendix we have given the explicit analytical asymp-
totic expressions of these various contributions (RG and Sudakov) for both SM and MSSM.
The Sudakov terms arising in SUSY have additional specific and very interesting fea-
tures. Contrarily to SM where a partial cancellation (at moderately high energies) appears
between linear and quadratic logarithmic terms, in the SUSY part linear terms are alone and
remain important. In particular they enhance the massive m2t , m
2
b asymptotic contributions
to bb¯ production by factors that depend on tan2β in a potentially visible way.
We have computed the effects of these asymptotic terms in the various unpolarized and
polarized observables, cross sections and asymmetries. We have made illustrations for the
high energy range accessible to a future LC or CLIC, and we have shown the specific be-
haviour of the SM and of the MSSM cases, emphasizing also the large departure from what
would have been expected taking only the RG effects into account.
These results are important for the tests of electroweak properties which will be per-
formed at these machines. They also indicate that for very high energies, if a high accuracy
is achievable, the one loop treatment might be more reliable than in the SM case with the
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remarkable exception of the bb¯ cross section, for which a more complete two loop calcula-
tion might be necessary, a situation which already occured at the Z peak ref.( [18]) 2. On
another hand, for moderate energies (close to 1 TeV ), when SUSY masses fall in the few
hundred GeV range so that one is not yet in an asymptotic regime, we have shown that
simple empirical formulae can reproduce the effect of subleading terms. We have made one
illustration with the SUSY Higgs effects on the total hadronic cross section. For a complete
treatment much more work is required and this point is at present under investigation [19].
Acknowledgments: This work has been partially supported by the European Commu-
nity grant HPRN-CT-2000-00149.
2We are indebted to R. Barbieri for a clarifying discussion on this point
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APPENDIX A: ASYMPTOTIC LOGARITHMIC CONTRIBUTIONS IN THE
MSSM
1. Universal (γ, Z-self-energy) SUSY contributions
They arise from the bubbles (and associated tadpole diagrams) involving internal L- and
R- sleptons and squarks, charginos, neutralinos, as well as the charged and neutral Higgses
and Goldstones (subtracting the standard Higgs contribution):
∆˜Univα (q
2)→ α
4pi
(3 +
16N
9
)(lnq2) (A1)
RUniv(q2)→ −( α
4pis2W c
2
W
)[
13− 26s2W + 18s4W
6
+ (3− 6s2W + 8s4W )
2N
9
](lnq2)
(A2)
V UnivγZ (q
2) = V UnivZγ (q
2)→ −( α
4pisW cW
)[
13− 18s2W
6
+ (3− 8s2W )
2N
9
](lnq2) (A3)
where N is the number of slepton and squark families. These terms contribute to the RG
effects.
2. Non-universal SUSY contributions
These are the contributions coming from triangle diagrams connected either to the initial
e+e− or to the final f f¯ lines, and containing SUSY partners, sfermions f˜ , charginos or neu-
tralinos χi, or SUSY Higgses (see Fig.1,2); external fermion self-energy diagrams are added
making the total contribution finite. These non universal terms consist in mf -independent
terms and in mf -dependent terms (quadratic m
2
t and m
2
b terms). In this subsection we write
the mf -independent terms appearing in each e
+e− → f f¯ process, the mf -dependent terms
being given, for e+e− → bb¯, in the next subsection.
Contribution to e+e− → µ+µ−
∆˜α,eµ(q
2)→ (α
pi
lnq2)(
−5 + 6s2W
4c2W
) (A4)
Reµ(q
2)→ (α
pi
lnq2)(
3− 8s2W + 12s4W
8s2W c
2
W
) (A5)
VγZ,eµ(q
2) = VZγ,eµ(q
2)→ (α
pi
lnq2)(
9− 30s2W + 24s4W
16sW c3W
) (A6)
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Contribution to e+e− → dd¯, ss¯, bb¯,
∆˜α,ed(q
2)→ (α
pi
lnq2)(
−7 + 8s2W
9c2W
) (A7)
Red(q
2)→ (α
pi
lnq2)(
27− 58s2W + 64s4W
72s2W c
2
W
) (A8)
VγZ,ed(q
2)→ (α
pi
lnq2)(
45− 146s2W + 128s4W
144sW c3W
) (A9)
VZγ,ed(q
2)→ (α
pi
lnq2)(
81− 210s2W + 128s4W
144sW c3W
) (A10)
Contribution to e+e− → uu¯, cc¯
∆˜α,eu(q
2)→ (α
pi
lnq2)(
−71 + 82s2W
72c2W
) (A11)
Reu(q
2)→ (α
pi
lnq2)(
27− 67s2W + 82s4W
72s2W c
2
W
) (A12)
VγZ,eu(q
2)→ (α
pi
lnq2)(
63− 200s2W + 164s4W
144sW c
3
W
) (A13)
VZγ,eu(q
2)→ (α
pi
lnq2)(
81− 240s2W + 164s4W
144sW c
3
W
) (A14)
3. Non-universal SUSY contributions, final bb¯
We now list the m2t and m
2
b dependent terms appearing in e
+e− → bb¯:
∆˜α,eb(q
2)→ ∆˜α,ed(q2)− α
24pis2W
lnq2
[
s2W
m2t
M2W
(1 + 2cot2β) + (3− s3W )(1 + 2tan2β)
m2b
M2W
]
(A15)
Reb(q
2)→ Red(q2) + α
16pis2W
lnq2
[
(1− 2s
2
W
3
)
m2t
M2W
(1 + 2cot2β) + (1 +
2s2W
3
)(1 + 2tan2β)
m2b
M2W
]
(A16)
VγZ,eb(q
2)→ VγZ,ed(q2) + αcW
24pisW
lnq2
(
m2t
M2W
(1 + 2cot2β)− m
2
b
M2W
(1 + 2tan2β)
)
(A17)
VZγ,eb(q
2)→ VZγ,ed(q2) + α
16pisW cW
lnq2(1− 2s
2
W
3
)
(
m2t
M2W
(1 + 2cot2β)− m
2
b
M2W
(1 + 2tan2β)
)
(A18)
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4. Universal SM contributions
In order to allow an easy comparison of the above SUSY contributions with the SM ones
we now recall, in the next three subsections, the results obtained in [1], [2] for the same four
gauge invariant functions.
∆˜(RG)α (q
2, θ)→ α(µ
2)
12pi
[
32
3
N − 21]ln( q
2
µ2
) (A19)
R(RG)(q2, θ)→ − α(µ
2)
4pis2W c
2
W
[(
20− 40c2W + 32c4W
9
N +
1− 2c2W − 42c4W
6
]ln(
q2
µ2
) (A20)
V
(RG)
γZ (q
2, θ) = V
(RG)
Zγ (q
2, θ)→ α(µ
2)
3pisW cW
[(
10− 16c2W
6
N +
1 + 42c2W
8
]ln(
q2
µ2
) (A21)
5. Non-universal SM contributions, final fermions f 6= b
∆˜
(S)
α,lf(q
2, θ)→ α
4pi
[6− δu − 2δd]ln q
2
M2W
+
α
12pi
(δu + 2δd)ln
2 q
2
M2W
+
α(2− v2l − v2f)
64pis2W c
2
W
[3ln
q2
M2Z
− ln2 q
2
M2Z
]
− α
2pi
[(ln2
q2
M2W
+ 2ln
q2
M2W
ln
1− cosθ
2
)(δµ + δd) + (ln
2 q
2
M2W
+ 2ln
q2
M2W
ln
1 + cosθ
2
))δu]
− α
256piQfs4W c
4
W
[(1− v2l )(1− v2f)(ln
q2
M2Z
ln
1 + cosθ
1 + cosθ
)]
(A22)
R
(S)
lf (q
2, θ)→ − 3α
4pis2W
[2c2W − δµ − (1−
s2W
3
)δu − (1− 2s
2
W
3
)δd]ln
q2
M2W
− α
4pis2W
[δµ + (1− s
2
W
3
)δu + (1− 2s
2
W
3
)δd]ln
2 q
2
M2W
−α(2 + 3v
2
l + 3v
2
f)
64pis2W c
2
W
[3ln
q2
M2Z
− ln2 q
2
M2Z
]
+
αc2W
2pis2W
[(ln2
q2
M2W
+ 2ln
q2
M2W
ln
1− cosθ
2
)(δµ + δd) + (ln
2 q
2
M2W
+ 2ln
q2
M2W
ln
1 + cosθ
2
))δu]
+I3f
α
2pis2W c
2
W
[vlvf ln
q2
M2Z
ln
1 + cosθ
1 + cosθ
]
(A23)
V
(S)
γZ,lf(q
2, θ)→ α
8picW sW
([3− 12c2W + 2c2W (δu + 2δd)]ln
q2
M2W
− [1 + 2
3
c2W (δu + 2δd)]ln
2 q
2
M2W
)
16
−[αvl(1− v
2
l )
128pis3W c
3
W
+
α|Qf |vf
8pisW cW
][3ln
q2
M2Z
− ln2 q
2
M2Z
]
+
αcW
2pisW
[(ln2
q2
M2W
+ 2ln
q2
M2W
ln
1− cosθ
2
)(δµ + δd) + (ln
2 q
2
M2W
+ 2ln
q2
M2W
ln
1 + cosθ
2
))δu]
+I3f
α
16pis3W c
3
W
[vf (1− v2l )ln
q2
M2Z
ln
1 + cosθ
1 + cosθ
]
(A24)
V
(S)
Zγ,lf(q
2, θ)→ α
8pics
([3− 12c2W − 2s2W (δu + 2δd)]ln
q2
M2W
− [1− 2
3
s2W (δu + 2δd)]ln
2 q
2
M2W
)
−[ αvf(1− v
2
f)
128pi|Qf |s3W c3W
+
αvl
8pisW cW
][3ln
q2
M2Z
− ln2 q
2
M2Z
]
+
αcW
2pisW
[(ln2
q2
M2W
+ 2ln
q2
M2W
ln
1 − cosθ
2
)(δµ + δd) + (ln
2 q
2
M2W
+ 2ln
q2
M2W
ln
1 + cosθ
2
))δu]
+
α
32piQfs
3
W c
3
W
[vl(1− v2f )ln
q2
M2Z
ln
1 + cosθ
1 + cosθ
]
(A25)
where δµ,u,d = 1 for f = µ, u, d and 0 otherwise and vl = 1− 4 s2W , vf = 1− 4 |Qf | s2W .
In each of the above equations, we have successively added the contributions coming
from triangles containing one or two W , from triangles containing one Z, from WW box
and finally from ZZ box.
6. Non-universal SM contributions, final bb¯.
For bb¯ production there are additional SM contributions proportional to m2t and m
2
b aris-
ing from triangles involving G±,0 or HSM lines and Yukawa couplings involving mt or mb
(those mb terms which only come from the kinematics and give contributions vanishing like
m2b/q
2 have been safely neglected).
∆˜α,lb(q
2)→ ∆˜α,ld(q2)− α
24pis2W
(ln
q2
M2
) [ s2W (
m2t
M2W
) + (3− s2W )(
m2b
M2W
) ] (A26)
Rlb(q
2)→ Rld(q2) + α
16pis2W
(ln
q2
M2
) [(1− 2s
2
W
3
)(
m2t
M2W
) + (1 +
2s2W
3
)(
m2b
M2W
) ] (A27)
VγZ,lb(q
2)→ VγZ,ld(q2) + αcW
24pisW
(ln
q2
M2
) [ (
m2t
M2W
)− ( m
2
b
M2W
) ] (A28)
VZγ,lb(q
2)→ VZγ,ld(q2) + α
16pisWcW
(ln
q2
M2
)(1− 2s
2
W
3
)[(
m2t
M2W
)− ( m
2
b
M2W
) ] (A29)
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7. Non-universal massive MSSM contributions, final bb¯
Finally we find interesting to sum up all the massive m2t and m
2
b terms appearing in the
MSSM (SM and SUSY non-universal massive contributions to e+e− → bb¯). We remark that
the net effect as compared to the SM result is a factor 2(1 + cot2β) for the m2t term and a
factor 2(1 + tan2β) for the m2b one:
∆˜α,eb(q
2)→ ∆˜α,ed(q2)− α
12pis2W
lnq2
[
s2W
m2t
M2W
(1 + cot2β) + (3− s2W )(1 + tan2β)
m2b
M2W
]
(A30)
Reb(q
2)→ Red(q2) + α
8pis2W
lnq2
[
(1− 2s
2
W
3
)
m2t
M2W
(1 + cot2β) + (1 +
2s2W
3
)(1 + tan2β)
m2b
M2W
]
(A31)
VγZ,eb(q
2)→ VγZ,ed(q2) + αcW
12pisW
lnq2
(
m2t
M2W
(1 + cot2β)− m
2
b
M2W
(1 + tan2β)
)
(A32)
VZγ,eb(q
2)→ VZγ,ed(q2) + α
8pisW cW
lnq2(1− 2s
2
W
3
)
(
m2t
M2W
(1 + cot2β)− m
2
b
M2W
(1 + tan2β)
)
(A33)
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FIG. 1. Triangle diagrams with SUSY partners exchanges contributing to the asymptotic log-
arithmic behaviour in the energy; χi represent either charginos or neutralinos.
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FIG. 2. Triangle diagrams of SUSY Higgs origin contributing to the asymptotic logarithmic
behaviour in the energy; S0 represent neutral Higgses A0, H0, h0 or Goldstone G0.
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FIG. 3. Relative effects in σµ due to the asymptotic logarithmic terms. The Born expression
for large q2 is 111 pb/(q2/TeV2).
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FIG. 4. Absolute effects in AFB,µ due to the asymptotic logarithmic terms. The Born value
for large q2 is 0.47.
22
0 2 4 6 8 10
sqrt(q2) (TeV)
−0.20
−0.15
−0.10
−0.05
0.00
0.05
0.10
∆A
LR
, µ
ALR, µ
SM
SM+SUSY
Universal RG
FIG. 5. Absolute effects in ALR,µ due to the asymptotic logarithmic terms. The Born value for
large q2 is 0.063.
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FIG. 6. Relative effects in σ5 due to the asymptotic logarithmic terms. The Born expression
for large q2 is 641 pb/(q2/TeV2).
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FIG. 7. Absolute effects in ALR,5 due to the asymptotic logarithmic terms. The Born value for
large q2 is 0.46.
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FIG. 8. Relative effects in σb due to the asymptotic logarithmic terms. The Born expression
for large q2 is 92 pb/(q2/TeV2).
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FIG. 9. Absolute effects in AFB,b due to the asymptotic logarithmic terms. The Born value for
large q2 is 0.64.
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FIG. 10. Absolute effects in ALR,b due to the asymptotic logarithmic terms. The Born value
for large q2 is 0.62.
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FIG. 11. Absolute effects in Ab due to the asymptotic logarithmic terms. The Born value for
large q2 is 0.46.
29
0.1 0.2 0.3 0.4 0.5
MA   (TeV)
−1
0
1
2
σ5
tanβ = 2.0
c0
c1
error
asymptotic value
FIG. 12. Effective parametrization of the SUSY Higgses effects in σ5. The constants c0
and c1 are obtained by a χ
2 fit in the energy range between 2 and 10 TeV with tan β = 2.0.
The error quoted is the maximum absolute difference (with respect to q2) between the effective
parametrization and the exact full calculation and is always negligible. The constant c1 is very
near its analytical asymptotic value and as such is also roughly independent on MA. On the other
hand, the constant term c0 is smoothly dependent on MA.
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FIG. 13. Dependence on tan β in the effective parametrization of the SUSY Higgses effects in
σ5. For eachMA, we determine the constants c
±
0,1 in ci = c
+
i tan
2 β+c−i cot
2 β. This functional form
turns out to be perfectly matched by the exact calculation. We interpret this fact as a dominance
of the diagrams with exchange of charged SUSY Higgses that have rigorously this dependence on
tan β. Again, the coefficients of the logarithm, c±1 are roughly independent on MA.
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FIG. 14. Effective parametrization of the SUSY Higgses effects in σ5 in the energy range
between 500 GeV and 1 TeV. This region is definitely non asymptotic and the constants c0, c1
afforded by the best fit procedure turn out to be strongly dependent on MA as discussed in the
text.
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